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Summary
Objective: If dedifferentiated chondrocytes could be induced to redifferentiate in vitro, then we might thereby be furnished with a population
of phenotypically stable cells for autologous implantation in reconstructive surgery. We therefore investigated the redifferentiation capabilities
of chondrocytes which, having migrated from alginate beads to form a monolayer, were subsequently passaged. We also characterized the
molecular traits of irreversibly dedifferentiated cells.
Methods: Human chondrocytes that had migrated from alginate beads to form a monolayer (passage 1) were passaged seven times
(passages 2–8). Cells from each passage were then recultivated in alginate beads. We assessed the synthesis of type-II collagen,
cartilage-specific proteoglycans, adhesion molecules (integrins), signaling proteins (Src-homology collagen [Shc] and extracellular-signal-
regulated kinase [Erk]) and the apoptosis marker ‘activated’ caspase-3 in monolayer or secondary alginate cultures.
Results: The synthesis of cartilage-specific type-II collagen, 3-integrin, Shc and activated Erk1/2 decreased rapidly after four passages in
monolayer culture. Up to passage 4, cells redifferentiated in alginate culture. However, between passages 5 and 8, cells began to produce
activated caspase-3; these cells not only failed to redifferentiate when recultivated in alginate, but underwent apoptosis.
Conclusion: We conclude that the loss of chondrogenic potential by chondrocytes maintained in monolayer culture is associated with a
decrease in the synthesis of cartilage markers and with a suppressed activation of key signaling proteins in the Ras-mitogen-activated
protein kinase pathway (Shc and Erk1/2). These events lead to apoptosis. A decrease in Shc/Erk expression/interaction could serve as a
recognition marker for irreversibly dedifferentiated chondrocytes in tissue engineering.
© 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
Large human articular cartilage defects cannot be repaired
by the proliferation of resident chondrocytes. Consequently,
the in vitro cultivation of chondrocytes for autologous
implantation (ACI) is being intensively investigated as a
therapeutic alternative1,2. The dedifferentiation of chondro-
cytes into rapidly proliferating fibroblast-like cells during
monolayer culturing and their subsequent redifferentiation
in alginate culture may afford a means of producing suf-
ficient numbers of differentiated cells either for ACI or for
studying chondrocyte biology in vitro, since alginate-
cultured chondrocytes maintain their differentiated pheno-
type for months. Although chondrocytes grown in
monolayer culture multiply, they dedifferentiate into
fibroblast-like cells, which fail to produce either type-II
collagen or cartilage-specific proteoglycans; they synthe-
size increasing levels of collagen types I, III and V and
express a different complement of proteoglycans3,4. When
the same fibroblast-like cells are transferred to a three-
dimensional type of culturing system (e.g., alginate or
agarose), the cells redifferentiate into characteristically
spherical chondrocytes which synthesize a cartilage-
specific extracellular matrix4–6. However, after prolonged
monolayer culturing, dedifferentiated chondrocytes irre-
versibly lose their chondrogenic potential6,7. The implanta-
tion of irreversibly dedifferentiated autologous
chondrocytes may lead to cartilage degeneration and joint
failure. Alginate and other three-dimensional culturing sys-
tems have often been used for the investigation of factors
that may influence the capacity of chondrocytes to rediffer-
entiate, e.g., the partial pressure of oxygen, hydrostatic
pressure8,9, growth factors (such as bone morphogenetic
protein and fibroblast growth factor (FGF)-27,10–12), hor-
mones, factors that modify actin architecture7,13 and cer-
tain nutrients (such as glucose, vitamins and other
co-factors14,15). Investigators who use these three-
dimensional systems routinely observe that some factors
can delay the irreversible dedifferentiation of chondrocytes
in monolayer culture7. Since irreversibly dedifferentiated
chondrocytes cannot be distinguished from cells that still
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possess chondrogenic potential on the basis of morpho-
logical criteria alone, it is essential to identify discriminating
molecular markers and to elucidate the signaling pathways
involved in irreversible dedifferentiation as a potential
means of preventing it. To further define the character-
istics of irreversibly dedifferentiated chondrocytes main-
tained in monolayer culture, we investigated these cells for
markers of apoptotic death. Apoptosis is an energy-
dependent form of cell death that occurs physiologically
during the development of cartilage16. However, there is
also increasing evidence that chondrocyte death may con-
tribute to the progression of osteoarticular disorders
such as osteoarthritis17–19. Numerous pathways (involving
the Bcl-2/Bax family of proto-oncogenes, the transcription
factor NF-B, the tumor necrosis factor (TNF) , the free
radical nitric oxide and another member of the TNF family:
the CD95 protein, also known as Fas, and its ligand, FasL)
are known to lead to cell apoptosis20–25. These pathways
converge in the activation of effector caspases, such as
caspase-3, which cleave cellular proteins. The activation of
caspase-3 plays a central role in apoptosis and it is often
used as a marker for this process26,27. Extracellular-signal-
regulated kinase 1/2 (Erk1/2) is implicated in the regulation
of chondrocyte apoptosis, proliferation and dedifferentia-
tion27,28. The adaptor protein Shc is a signaling protein of
the integrin-mediated pathways, and it is involved in signal
transduction between the tyrosine kinases and the Ras
proteins29. Ras activation stimulates the Erk mitogen-
activated protein (MAP) kinase cascade30. In this paper, we
define some of the molecular characteristics of irreversibly
dedifferentiated chondrocytes that could be used as differ-
entiation markers. We also propose the use of an existing
cell culture model for the further elucidation of signaling
pathways involved in redifferentiation and irreversible
dedifferentiation and for the identification of biochemical
markers of irreversible dedifferentiation.
Materials and methods
MATERIALS
A polyclonal (AB746) and a monoclonal (MAB1330)
antibody against type-II collagen, a monoclonal antibody
against 3-integrin (P1B5), a monoclonal antibody against
phosphotyrosine PY 20 (MAB3080) and alkaline-
phosphatase-linked sheep anti-mouse (AP326A) and
sheep anti-rabbit (AP304A) secondary antibodies were
purchased from Chemicon International, Inc. (Temecula,
CA, USA). Monoclonal anti-phospho-p42/44 Erk1/2
(M37520/M12320) and polyclonal anti-Shc (S14630) anti-
bodies were obtained from Transduction Laboratories
(Hamburg, Germany). A polyclonal antibody against active
caspase-3 (AF835) was purchased from R&D Systems
(Abingdon, UK).
The dual-system-alkaline phosphatase/anti-alkaline
phosphatase (APAAP) complex was purchased from
Dianova (Hamburg, Germany). Growth medium [Ham’s
F-12/Dulbecco’s modified Eagle’s medium (50/50) con-
taining fetal calf serum (10%), ascorbic acid (25 µg/ml),
streptomycin (50 IU/ml), penicillin (50 IU/ml), essential
amino acids (1%), glutamine (1%) and amphotericin B
(2.5 µg/ml)] was obtained from Seromed (Munich,
Germany). Alginate, collagenase, O.C.T. embedding
medium and trypsin/EDTA (EG 3.4.21.4) were purchased
from Sigma (Munich, Germany), Epon was obtained from
Plano (Marburg, Germany), pronase was purchased from
Roche (Mannheim, Germany) and Kaisers’ glycerol gelatin
was obtained from Merck (Darmstadt, Germany).
METHODS
Chondrocyte cultures
Primary cultures of human chondrocytes were prepared
from articular cartilage as previously described31. Twelve
samples of cartilage derived from the same donor were
used for the investigations. Briefly, human femoral head
articular cartilage (obtained during joint replacement sur-
gery for femoral neck fractures in middle-aged patients)
was cut into small slices and incubated in Ham’s F-12
medium. After rinsing, cartilage slices were digested first
with 1% pronase for 2 h at 37°C and subsequently with
0.2% (v/v) collagenase for 4 h at 37°C. Cells, diluted in
growth medium, were distributed by repeated pipetting.
The cells (2×106/ml) were cultured in alginate beads as
described in detail elsewhere32. After a few days of cultur-
ing, some of the chondrocytes migrated from the alginate
and adhered to Petri dishes in monolayers6. These cells
were cultured in monolayers for 1–8 passages. Cells of
each passage were reintroduced into alginate cultures and
the redifferentiation of chondrocytes was assessed by
electron microscopy. The analysis was repeated three
times for each passage.
Analysis of cell proliferation in monolayer cultures
and cell scoring
After 3 days of culturing, when the density of migrated
cells had approached confluence, first-passage (P1) cells
were detached using 0.05% trypsin/1.0 mM EDTA and
re-plated onto Petri dishes. Three days later, cell density
had again approached confluence, and second-passage
(P2) cells were re-passaged. This procedure was repeated
eight times (P1–P8, each passage lasting about 3 days).
The cells were monitored after 1, 4, 8, 12, 16, 20, 24 and
28 h by light microscopy (Axiophot 100, Zeiss, Jena, Ger-
many). The number of cells was estimated by scoring in
five different microscopic fields. These assays were per-
formed in triplicate and the results from three independent
experiments were presented as mean values together with
the standard deviations (SD).
Alcian Blue staining
The alginate beads were fixed in toto with 3.7% formal-
dehyde and stained with 0.05% Alcian Blue (in 3% acetic
acid (pH 1.5) containing 0.3 M MgCl2) for 24 h33. They
were then washed in 5% acetic acid and gradually
dehydrated in ethanol and xylene. The preparations were
examined with an Axiophot 100 light microscope.
Alkaline phosphatase/anti-alkaline phosphatase
(APAAP) method
The alginate beads were immersed in O.C.T. embedding
medium and immediately frozen in liquid nitrogen. Glass
plates bearing either cell monolayers or 10-µm-thick sec-
tions through alginate beads were fixed with acetone
(10 min) and washed twice (5 min) in TBS [0.05 M Tris in
0.15 M NaCl (pH 7.6)] at ambient temperature (AT). The
slides were incubated first with serum (diluted 1:20 in TBS),
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for 10 min at AT, and then with the primary antibodies
(diluted 1:30 in TBS), in a humid chamber overnight at 4°C.
Cells were rinsed as described above, and if a polyclonal
primary antibody was used, they were additionally incu-
bated with mouse anti-rabbit IgG antibodies (diluted 1:50 in
TBS) for 30 min at AT. Cells were again rinsed before
incubating with the dual-system bridge antibodies (diluted
1:50 in TBS). After rinsing, the sections were incubated with
the dual-system APAAP complex (diluted 1:50 in TBS) for
30 min at AT. After thorough rinsing, cell monolayers were
stained with new fuchsin for 30 min at AT. The cells were
washed, air dried and mounted in Kaisers’ glycerol gelatin
prior to examination with an Axiophot 100 light microscope.
Electron microscopy
After fixation in 1% tannic acid 1% glutaraldehyde
(in 0.1 M phosphate buffer) and post-fixation in 1% OsO4
solution (in 0.1 M phosphate buffer), the cell cultures were
rinsed and dehydrated in an ascending alcohol series.
They were embedded in Epon. Sections were prepared
using a Reichert Ultracut and stained with 2% uranyl
acetate 2% lead citrate prior to examination in a TEM 10
transmission electron microscope (Zeiss, Jena, Germany).
Immunoblotting and immunoprecipitation
A detailed description of the technique used for the
following experiments has been published previously31.
Briefly, chondrocytes from monolayer cultures were rinsed
in PBS and the proteins extracted with lysis buffer (50 mM
Tris/HCl (pH 7.2), 150 mM NaCl, l% (v/v) Triton X-100,
1 mM sodium orthovanadate, 50 mM sodium pyrophos-
phate, 100 mM sodium fluoride, 0.01% (v/v) aprotinin,
pepstatin A (4 µg/ml), leupeptin (10 µg/ml) and 1 mM
phenylmethylsulfonyl fluoride (PMSF) for 30 min on ice.
After adjusting the total protein concentration, samples
were separated by SDS-PAGE (5%, 7.5% or 10% gels)
under reducing conditions. For immunoprecipitation, the
extracts were precleared by incubating them first with 25 µl
of either normal rabbit IgG-serum or normal mouse IgG-
serum and Staphylococcus (S.) aureus cells, then with
primary antibodies diluted in wash buffer (0.1% Tween 20,
150 mM NaCl, 50 mM Tris-HCl (pH 7.2), 1 mM CaCl2,
1 mM MgCl2 and 1 mM PMSF) for 2 h at 4°C, and finally
with S. aureus cells for 1 h at 4°C. Control immunoprecipi-
tations were performed by incubating the samples with
non-immune rabbit anti-mouse IgG alone. S. aureus cells
were washed five times with wash buffer and once with
50 mM Tris-HCl (pH 7.2) and then boiled in SDS-PAGE
sample buffer. Separated proteins were transferred to nitro-
cellulose membranes and incubated in blocking buffer
(5% (w/v) skimmed milk powder in PBS/0.1% Tween 20) for
1 h at AT. Membranes were incubated with the primary
antibodies (diluted in blocking buffer) for 1 h at AT, washed
three times with blocking buffer, and then incubated with
the secondary antibody conjugated with alkaline phos-
phatase for 30 min at AT. Membranes were rinsed with
blocking buffer and then washed three times in 0.1 M
Tris (pH 9.5) containing 0.05 M MgCl2 and 0.1 M NaCl.
Specific antigen-antibody complexes were rendered visible
using nitro-blue tetrazolium and 5-bromo-4-chloro-3-
indoylphosphate (p-toluidine salt; Pierce, Rockford, IL,
USA) as the substrates for alkaline phosphatase. Total
protein concentration was determined according to the
bicinchoninic acid system (Pierce, Rockford, IL, USA) using
bovine serum albumin as a standard.
Statistical analysis
Numerical data are expressed as mean values (±SD)
for a representative experiment performed in triplicate.
The means were compared using student’s t-test assum-
ing equal variances. Differences were considered to be
statistically significant if the P-value was less than 0.05.
Results
MONOLAYER CULTURING AND CHONDROCYTE PROLIFERATION
Freshly isolated chondrocytes were introduced into
alginate cultures. After a few days of culturing, some of the
cells migrated from the alginate beads, adhered to the Petri
dish (Fig. 1) and attained confluence 3 days later. These
cells increasingly assumed a polymorphic, fibroblast-like
form. During monolayer culturing, the proliferation rate of
the dedifferentiated fibroblast-like cells increased con-
tinuously (Fig. 2). After culturing for 1, 4, 8, 12, 16, 20, 24
and 28 h (P2) on Petri dishes, the total number of cells
increased by about 21% (P=0.036), 33% (P=0.0087), 53%
(P=0.0038), 74% (P=0.0063), 108% (P=0.0019), 160%
(P=0.0019) and 187% (P=0.0022), respectively, relative to
the number present after 1 h (Fig. 2). Hence, cells that
had migrated out of alginate beads proliferated rapidly in
monolayer cultures.
DETECTION OF TYPE-II COLLAGEN AND OF CARTILAGE-SPECIFIC
PROTEOGLYCANS
Type-II collagen was detected by the APAAP method.
Immunolabeling for type-II collagen was clear and
abundant around cells derived from passages P1-P4
(Fig. 3A–D). But only a few of the cells obtained from
passages P5 and P6 (Fig. 3E, 3F), and none of those
derived from passages P7 and P8 (Fig. 3G, H), were
labeled. After 7 days of recultivation in alginate, Alcian-Blue
staining for cartilage proteoglycans (Fig. 4A–D) and
immunostaining for type-II collagen (Fig. 4F–I) were
detected around the rounded cells derived from passages
P1–P4, but were barely visible in association with those
obtained from passages P5–P8 (Fig. 4E, J).
ELECTRON MICROSCOPY OF CULTURED CHONDROCYTES AND
CHONDROCYTE APOPTOSIS
In order to assess the potential of chondrocytes to form
a cartilage-specific matrix, cells from passages P1–P8
monolayer cultures were recultivated in alginate beads and
their morphology was evaluated by electron microscope.
After 4 days in alginate, dedifferentiated cells derived from
passages P1–P4 had redifferentiated into chondrocytes.
Typically, these cells had a rounded profile and contained a
well-developed rough endoplasmic reticulum, a large Golgi
apparatus, the usual complement of mitochondria, small
vacuoles and granules. By day 7, the cells had formed a
matrix, which was closely attached to the plasma mem-
brane. The cartilaginous matrix consisted of fine collagen
fibrils running singly and irregularly (Fig. 5A, B, D). Up to
the fourth week in alginate culture, the chondrocytes and
their matrix exhibited the same morphological characteris-
tics, and the same relationship existed between the plasma
membrane and the matrix.
Dedifferentiated cells derived from passages P5–P8 did
not redifferentiate into chondrocytes when recultivated in
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alginate. They produced no matrix and underwent apopto-
sis, the characteristic morphological features of this
process being membrane blebbing, disintegration of the
nucleus, chromatin condensation along the nuclear
envelope and the presence of apoptotic bodies (Fig. 5C).
CHARACTERIZATION OF THE EXTRACELLULAR MATRIX AND OF
ADHESION PROTEINS
In order to demonstrate the synthesis of type-II collagen
and the presence of surface receptors (integrins) in
dedifferentiated cells derived from passages P1–P8, the
immunoblotting method was employed. This technique
revealed the presence of type-II collagen (data not shown)
and of 3-integrin (Fig. 6) in cells derived from passages
P1–P4, but not in those obtained from passages P5–P8.
These results substantiate the morphological findings
described above.
CHARACTERIZATION OF INTRACELLULAR PROTEIN TYROSINE
PHOSPHORYLATION
To identify intracellular signaling proteins with phos-
phorylated tyrosine residues, dedifferentiated chondrocytes
derived from passages P1–P8 were analyzed by immuno-
blotting with anti-phosphotyrosine antibodies. Cells derived
from passages P1–P4 manifested tyrosine phosphorylation
of several proteins, with apparent molecular weights of
200 kDa, 190 kDa, 125 kDa, 100 kDa and 80–40 kDa. In
contrast, cells derived from passages P5–P8 exhibited only
a weak tyrosine phosphorylation of proteins (Fig. 7).
EXPRESSION OF SHC ADAPTOR PROTEINS AND THEIR
ASSOCIATION WITH ACTIVATED ERK1/2
Intracellular signaling proteins that contain SH2 domains,
such as Shc (which exists in three isoforms: p66, p52 and
Fig. 1. Light micrograph of first-passage chondrocytes grown in monolayer culture and stained with Methylene Blue. The cells increasingly
assumed a polymorphic shape. Magnification: ×320.
Fig. 2. Proliferation of second-passage chondrocytes during the first 28 h of monolayer culturing. Cells from five different microscopic fields
were scored. Data are presented as the mean values (together with the standard deviations) of three independent experiments, each of
which was performed in triplicate.
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Fig. 3. Immunolabeling of chondrocytes (P1-P8) for type-II collagen according to the APAAP method. Immunolabeling was clearly observed
around cells derived from passages P1–P4 (A–D), was barely visible around those obtained from passages P5 (E) and P6 (F), and was not
detected around cells derived from passages P7 (G) and P8 (H). Magnification: ×160 (A–H).
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Fig. 4. Chondrocytes (P1–P5) recultivated for about 7 days in alginate and either stained with Alcian Blue to reveal cartilage-specific
proteoglycans (A–E) or immunolabeled to detect type-II collagen [F–J (A and F: P1; B and G: P2; C and H: P3; D and I: P4; E and J: P5)].
Cells derived from passages P1–P4 were surrounded by Alcian-Blue-positive material (A–D) and by immunolabeling for type-II collagen
(F–I). Around cells obtained from passage P5, Alcian-Blue staining (E) decreased simultaneously with immunolabeling for type-II collagen
(J). Magnification: ×160 (A–J).
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p46), are implicated in protein-protein interactions in differ-
ent cell types, including chondrocytes31. Western-blot
analysis revealed each of the three Shc isoforms to be
synthesized in cells derived from passages P1–P4, but not
in those obtained from passages P5–P8 (Fig. 8). Isoforms
of the Shc adaptor protein are known to form the Shc-Grb2
complex, which activates the Ras-MAP kinase pathway in
chondrocytes31. The synthesis of Erk1/2 increased slightly
between passages P1 and P4 but then decreased rapidly
after passage P5 (data not shown). To determine whether
the signaling adaptor protein Shc forms a complex with the
activated Erk1/2 proteins, which might subsequently acti-
vate the Ras-MAP kinase pathway, chondrocytes derived
from passages P1–P8 were lysed and immunoprecipitated
with anti-Shc antibodies. The anti-Shc immunoprecipitates
were then immunoblotted with anti-phospho-Erk1/2 anti-
bodies. Since Erk1/2 activation requires the phos-
phorylation of both threonine and tyrosine residues34, this
event can be detected using an antibody specific for dually
phosphorylated Erk1/2. The anti-Shc immunoprecipitates
of lysed cells derived from passages P1–P4 revealed the
adaptor protein Shc to be co-immunoprecipitated with
activated Erk1/2. However, the anti-Shc immunoprecipi-
tates of lysed cells derived from passages P5–P8 revealed
no interaction between Shc and activated Erk1/2 (Fig. 9).
The results also suggest that Shc adaptor proteins and
activated Erk1/2 form part of the same complex which
activates the Ras-MAP kinase pathway.
EVIDENCE OF ACTIVATED CASPASE-3 IN CELLS DERIVED FROM
PASSAGES P5–P8
Caspase-3 is known to play an important role in signaling
and in the execution of apoptosis26,27. Accordingly, we
wished to ascertain whether activated caspase-3 occurred
in the cells derived from passages P5–P8. Western-blot
analysis revealed this to be the case (Fig. 10). This result
confirms our electron microscopic observations relating to
cells derived from passages P5–P8. Our findings indicate
that partial or complete inhibition of the Erk signaling
pathway stimulates the course of events leading to the
apoptosis of human chondrocytes.
Discussion
In the present study, primary isolated chondrocytes were
cultured in alginate beads, from which they migrated and
adhered to Petri dishes to form monolayers. These cells
were then passaged up to eight times (P1–P8). When the
dedifferentiated, fibroblast-like cells from these monolayer
cultures were recultivated in alginate, only those derived
from passages P1–P4 redifferentiated into chondrocytes.
They alone synthesized type-II collagen and expressed
3-integrin in monolayer and secondary alginate cultures.
In these cells, tyrosine phosphorylation of intracellular
signaling proteins was pronounced, whereas in those
derived from passages P5–P8 it was weak. Likewise, Shc
and activated Erk1/2 were evident only in cells derived from
passages P1–P4. Moreover, the Shc protein interacted with
phospho-Erk1/2, an event which is known to activate the
Ras-MAP kinase signaling pathway. Cells derived from
passages P5–P8 were revealed by electron microscopy to
be undergoing apoptosis. Biochemical evidence for this
process was afforded by the demonstration of activated
caspase-3 within these cells.
Fig. 5. Electron micrographs of chondrocytes (C) that were derived
from passages P1(A), P3(B) and P5(C) and recultivated for 7 days
in alginate (*). Chondrocytes derived from passages P1 (A) and P3
(B) have a typically round or oval profile and are surrounded by a
matrix sheath (M) consisting of irregularly arranged fibrils. These
redifferentiated chondrocytes contain a well-developed rough
endoplasmic reticulum, a Golgi apparatus, the usual complement
of mitochondria, vacuoles and granules (A, B). But chondrocytes
derived from passage P5 (C) manifest features typical of apopto-
sis, e.g., membrane blebbing, nuclear changes (with peripheral
segregation and aggregation of chromatin into dense areas) and
the presence of apoptotic bodies. The inset (D) shows a higher
magnification view of the extracellular matrix sheath (M) of
chondrocytes. Magnification: ×10 000 (A–C); ×25 000 (D).
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We have developed a reproducible model of human
articular chondrocyte dedifferentiation and redifferentiation.
Chondrocytes embedded in alginate beads continuously
migrated from the beads and proliferated in monolayer
culture. Dedifferentiated chondrocytes that maintain their
chondrogenic potential during monolayer culturing undergo
redifferentiation when recultivated in alginate. Other cell
types with chondrogenic potential likewise differentiate into
chondrocytes when cultured in alginate35. Precisely why
some chondrocytes migrate from alginate beads is
unknown, but we have observed this process to be influ-
enced by both cell density and the concentration of alginate
within the beads. By virtue of this spontaneous migration,
the transit of cells to monolayer cultures can be effected
very gently, without recourse to agents that may interfere
with chondrocyte metabolism.
We suggest that the redifferentiation in secondary
alginate cultures of dedifferentiated chondrocytes that have
migrated from alginate beads may afford a means of
providing sufficient cells for autologous implantation in
tissue engineering. We therefore used this new model
system to further investigate the molecular characteristics
of dedifferentiated chondrocytes, with the view to identify-
ing markers denoting the irreversible loss of chondrogenic
potential.
Differentiated chondrocytes synthesize a cartilage-
specific pericellular matrix, which consists primarily of
type-II collagen and cartilage-specific proteoglycans. This
matrix, as well as several specific substances, such as
growth factors and adhesion molecules, are required for
chondrocyte differentiation and survival36. Interactions be-
tween chondrocytes and their surrounding matrix play an
essential role in maintaining the differentiated cell pheno-
type. They are mediated by specific surface receptors and
integrins, the latter being largely of the 1-family31,37–41.
We have previously shown that 3-integrin, which associ-
ates with 1-integrins in cartilage, is important for cartilage
differentiation during chondrogenesis, and may act as a
specific receptor for type-II collagen in chondrocytes41,42. It
has been suggested that the cellular distribution of integrins
can be influenced by their interaction with specific ligands,
that the presence of a specific ligand determines the
expression and distribution of its receptor43, and that the
binding of a ligand to its receptor may induce gene expres-
sion44. There are also indications that the integrin-type-II-
collagen interaction suppresses chondrocytes apoptosis45.
Several investigators have demonstrated an association
between Shc proteins and specific integrins. This inter-
action mediates the activation of the MAP kinase path-
ways29,31. In the present study, we have demonstrated that
the adaptor protein Shc co-immunoprecipitates with the
activated signaling proteins Erk1/2. Indeed, the mediatory
role of integrins leads to the phosphorylation of cytoskeletal
and signaling proteins localized at focal adhesions and
focal adhesion kinases, whereupon docking proteins, such
as Shc and Erk1/2, are stimulated, thereby triggering the
Ras-MAP kinase signaling pathway31,46. The latter signal-
ing pathway is involved in the proliferation and differentia-
tion of many cell types, and may be involved in the
maintenance of chondrogenic potential. Erk1/2 regulates
the activities of several nuclear transcription factors47.
Recent studies suggest that Sox9 is an important transcrip-
tion factor for the expression of chondrocyte-specific
marker genes, including collagen types II and XI and
cartilage-specific proteoglycans. Sox9 is also important for
chondrocyte differentiation during chondrogenesis and it may
also play a role in the redifferentiation of dedifferentiated
chondrocytes, especially since (FGF), which is known to
promote the redifferentiation of chondrocytes7, also en-
hances the expression of Sox9 via the MAP kinase path-
way48. Indeed, a specific inhibitor (U0126) of the MAP
kinase signaling pathway, which can block the activation of
Erk1/2, suppresses the FGF-2-stimulated increase in Sox9
levels and hence also the transcription of cartilage-specific
extracellular matrix genes48. Moreover, we have previously
shown that the 0126-induced inhibition of the MAP
kinase signaling pathway suppresses the activation of
Erk1/2 and promotes apoptosis in cultured human chondro-
cytes, as revealed by the activation of caspase-3 and
the cleavage of poly(ADP-ribose)polymerase (PARP)45.
Accordingly, other investigators have recently reported that
Fig. 6. Immunoblotting for 3-integrin in chondrocytes derived from
passages P1–P8. 3-integrin (Mr=135 kDa) was expressed during
the first four passages, but was barely detectable during passages
P5–P8.
Fig. 7. Immunoblotting for the tyrosine phosphorylation of intra-
cellular signaling molecules in chondrocytes derived from pas-
sages P1–P8. Cells derived from passages P1–P4 manifested
tyrosine phosphorylation of several intracellular proteins, with
apparent molecular weights of 200 kDa, 190 kDa, 125 kDa,
100 kDa and 40–80 kDa. Cells derived from later passages
(P5–P8) exhibited only a weak tyrosine phosphorylation of
proteins.
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Erk1/2 operates as an anti-apoptotic signal in chondrocytes
that have been induced by nitric oxide to undergo this
process27. In the present study, we demonstrated that
irreversibly dedifferentiated chondrocytes derived from
passages P5–P8 underwent apoptosis, as revealed
by caspase-3 activation, and that this process was
accompanied by a marked reduction in Erk1/2 signaling.
This may result from the decrease in type-II collagen
production and the disruption of integrin-type-II-collagen
interactions observed in these cells, since in the chondro-
cytes of transgenic mice lacking type-II collagen apoptosis
is potentiated49. On the basis of our own and other pub-
lished data, we suggest that the inhibition of key signaling
proteins in the MAP kinase pathway (e.g., Erk1/2, Shc and
integrins), which results from the disruption of chondro-
cyte interactions with specific matrix components, may
Fig. 8. Immunoblotting for Shc proteins in chondrocytes derived from passages P1–P8. Shc isomers (46 kDa, 52 kDa and 66 kDa) were
expressed only during the first four passages.
Fig. 9. Interaction of Shc protein isoforms with Erk1/2, as revealed by a co-immunoprecipitation assay. Protein extracts of lysed cells derived
from passages P1, P4, P5 and P8 were co-immunoprecipitated with anti-Shc antibodies or with a control antibody (C). Immunoprecipitates
were separated and analyzed by immunoblotting using anti-phospho Erk1/2 antibodies. An interaction between Shc and activated Erk1/2 is
indicated by the presence of 42 kDa and 44 kDa bands, which occurred only in extracts derived from passages P1 and P4.
Fig. 10. Immunoblotting for activated caspase-3 in chondrocytes derived from passages P1–P8. Only chondrocytes derived from passages
P5–P8 manifested high levels of activated caspase-3 (17 kDa).
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contribute to apoptosis and to the irreversible dedifferentia-
tion of chondrocytes: a decrease in the production of
cartilage-specific extracellular matrix components leads to
a reduction in 3-integrin stimulation, which suppresses
Erk1/2 activation and the interaction between Erk1/2 and
Shc.
Yoon et al.28 have shown that Erk1/2-activity correlates
closely with the dedifferentiation of chondrocytes that
accompanies their accelerated proliferation in monolayer
culture. We likewise demonstrated an activation of Erk1/2
and an interaction between Erk1/2 and Shc during the
reversible phase of dedifferentiation. But in contrast to Yoon
et al., we also studied the characteristics of human (not of
rabbit) chondrocytes during their irreversible dediffer-
entiation (P5–P8). We found that the suppressed activation
of Erk1/2 within these cells coincided with their loss of
chondrogenic potential and their apoptosis. We can only
speculate on the causes of Erk1/2 inhibition, although this
event is probably mediated by a disruption of the interaction
between integrins and the extracellular matrix. Yoon et al.
investigated dedifferentiated rabbit chondrocytes which
fully maintained their chondrogenic potential during the
entire study period (at least six passages). Hence, since
Erk1/2 activity was thus probably fully sustained, the cells
did not undergo apoptosis28. Many factors can contribute to
the maintenance and prolongation of chondrogenic poten-
tial, and several of these, namely animal species, donor
age, cell density, passage length, culture medium com-
position (including growth factor concentrations in the
serum), could have contributed to the differences between
our results and those reported by Yoon et al. In our study,
the activity and synthesis of Erk1/2 and of other signaling
molecules decreased rapidly after passage P4, as revealed
by anti-phosphotyrosine labeling, which coincided with the
onset of apoptosis. Anti-phosphotyrosine labeling revealed
the presence of numerous phosphorylated proteins apart
from Shc and Erk1/2 during passages P1–P4, which
rapidly disappeared between passages P5–P8. This find-
ing suggests that other tyrosine-phosphorylated intra-
cellular signaling and cytoskeletal proteins are involved in
the maintenance of chondrogenic potential. Notwithstand-
ing, Shc and Erk1/2 might serve as useful markers for
establishing the chondrogenic potential of a patient’s
dedifferentiated chondrocytes before proceeding with
autologous implantation.
Acknowledgements
The authors are grateful to Prof. Dr. med. Baumgarten for
his support and encouragement. They are also indebted to
Prof. Stuart D. Carter and Mrs Judith Sendzik for reviewing
the manuscript, and gratefully acknowledge the excellent
technical assistance of Mrs Angelika Steuer, Mr Jo¨rg
Romahn and Mrs Angelika Hartje. This work was supported
by the Deutsche Forschungsgemeinschaft (DFG Grant Sh
48/2-4, Sh 48/2-5).
References
1. Manolopoulos V, Wayne Marshall K, Zhang H,
Trogadis J, Tremblay L, et al. Factors affecting
the efficacy of bovine chondrocyte transplantation
in vitro. Osteoarthritis Cart 1999;7:453–60.
2. Schulze M, Kuettner KE, Cole AA. Adult human
chondrocytes in alginate culture. Preservation of the
phenotype for further use in transplantation models.
Orthopa¨de 2000;29:100–6.
3. Von der Mark K, Gauss V, Von der Mark H, Muller P.
Relationship between cell shape and type of colla-
gen synthesis as chondrocytes lose their cartilage
phenotype in culture. Nature 1977;267:531–2.
4. Benya PD, Shaffer JD. Dedifferentiated chondrocytes
reexpress the differentiated collagen phenotype
when cultured in agarose gels. Cell 1982;30:215–24.
5. Bonaventure J, Kadhom N, Cohen-Solal L, Ng KH,
Bourguignon J, Lasselin C, et al. Reexpression of
cartilage-specific genes by dedifferentiated human
articular chondrocytes cultured in alginate beads.
Exp Cell Res 1994;212:97–104.
6. Schulze-Tanzil G, de Souza P, Villegas Castrejon H,
John T, Merker H-J, Scheid A, et al. Redifferentiation
of dedifferentiated human chondrocytes in high-
density cultures. Cell Tissue Res 2002;308:371–9.
7. Martin I, Vunjak-Novakovic G, Yang J, Langer R, Freed
LE. Mammalian chondrocytes expanded in the pres-
ence of fibroblast growth factor 2 maintain the ability
to differentiate and regenerate three dimensional
cartilaginous tissue. Exp Cell Res 1999;253:681–8.
8. Domm C, Schu¨nke M, Christesen K, Kurz B. Rediffer-
entiation of dedifferentiated bovine articular chondro-
cytes in alginate culture under low oxygen tension.
Osteoarthritis Cart 2002;10:13–22.
9. Grimshaw MJ, Mason RM. Bovine articular chondro-
cyte function in vitro depends upon oxygen tension.
Osteoarthritis Cart 2000;8:386–92.
10. Denker AE, Haas AR, Nicoll SB, Tuan RS. Chondro-
genic differentiation of murine C34H10T1/2 multi-
potential mesenchymal cells: I. Stimulation by bone
morphogenic protein-2 in high-density micromass
cultures. Differentiation 1999;64:67–76.
11. Fortier LA, Lust G, Mohammed HO, Nixon AJ. Coordi-
nate upregulation of cartilage matrix synthesis in
fibrin cultures supplemented with exogenous insulin-
like growth factor-I. J Orthop Res 1999;17:467–74.
12. Haas AR, Tuan RS. Chondrogenic differentiation of
murine C3H10T1/2 multipotential mesenchymal
cells: II. Stimulation by bone morphogenic protein-2
requires modulation of N-cadherin expression and
function. Differentiation 1999;64:77–89.
13. Loty S, Forest N, Boulekbache H, Sautier JM. Cyto-
chalasin D induces changes in cell shape and pro-
motes in vitro chondrogenesis: a morphological
study. Biol Cell 1995;83:149–61.
14. Vannucci SJ, Rutherford T, Wilkie MB, Simpson IA,
Lauder JM. Prenatal expression of the GLUT4 glu-
cose transporter in the mouse. Dev Neurosci 2000;
22:274–82.
15. Mobasheri A, Neama G, Bell S, Richardson S, Carter
SD. Human articular chondrocytes express three
facilitative glucose transporter isoforms: GLUT1,
GLUT3 and GLUT9. Cell Biol Int 2002;26:297–300.
16. Horton WE, Feng L, Adams C. Chondrocyte apoptosis
in development, aging and disease. Matrix Biol 1998;
17:107–15.
17. Blanco FJ, Guitian R, Va´zques-Martul E, deToro FJ,
Galdo F. Osteoarthritis chondrocytes die by
apoptosis. Arthritis Rheum 1998;41:284–9.
18. Kim HA, Song YW. Apoptotic chondrocyte death in
rheumatoid arthritis. Arthritis Rheum 1999;42:
1528–37.
19. Notoya K, Javanovic DV, Reboul P, Martel-Pelletier J,
Mineau F, Pelletier J-P. The induction of cell death in
Osteoarthritis and Cartilage Vol. 12, No. 6 457
human osteoarthritis chondrocytes by nitric oxide is
related to the production of prostaglandin E2 via the
induction of cyclooxygenase-2. J Immunol 2000;
165:3402–10.
20. Hashimoto S, Setareh M, Ochs RL, Lotz M. Fas/Fas
ligand expression and induction of apoptosis in
chondrocytes. Arthritis Rheum 1997;40:1749–55.
21. Rath PC, Aggarwal BB. TNF-induced signaling in
apoptosis. J Clin Immunol 1999;19:350–64.
22. Studer R, Jaffurs D, Stefanovic-Racic M, Robbins PD,
Evans CH. Nitric oxide in osteoarthritis. Osteoarthritis
Cart 1999;7:377–9.
23. Kim HA, Lee YJ, Seong SC, Choe KW, Song YW.
Apoptotic chondrocyte death in human osteoarthritis.
J Rheumatol 2000;27:455–62.
24. Aggarwal BB. Apoptosis and nuclear factor-kappa B: a
tale of association and dissociation. Biochem
Pharmacol 2000;60:1033–9.
25. Manna SK, Sah NK, Aggarwal BB. Protein tyrosine
kinase p56lck is required for ceramide induced but
not tumor necrosis factor-induced activation of NF-
kappa B, AP-1, JNK, and apoptosis. J Biol Chem
2000;275:13297–306.
26. Cohen GM. Caspases: the executioners of apoptosis.
Biochem J 1997;326:1–16.
27. Kim SJ, Ju JW, Oh CD, et al. Erk-1/2 and p38 kinase
oppositely regulate nitric oxide induced apoptosis of
chondrocytes in association with p53, caspase-3,
and differentiation status. J Biol Chem 2002;277:
1332–9.
28. Yoon YM, Kim SJ, Oh CD, Ju JW, Song WK, Yoo YJ,
et al. Maintenance of differentiated phenotype of
articular chondrocytes by protein kinase C and extra-
cellular signal-regulated protein kinase. J Biol Chem
2002;277:8412–20.
29. Wary KK, Mainiero F, Isakoff SJ, Marcantonio EE,
Giancotti FG. The adaptor protein Shc couples a
class of integrins to the control of cell cycle
progression. Cell 1996;87:733–43.
30. Marshall CJ. MAP kinase kinase kinase, MAP kinase
kinase and MAP kinase. Curr Opin Genet Dev 1994;
4:82–9.
31. Shakibaei M, John T, de Souza P, Rahmanzadeh R,
Merker H-J. Signal transduction by 1-integrin recep-
tors in human chondrocytes in vitro: collaboration
with the insulin-like growth factor-I receptor. Biochem
J 1999;342:615–23.
32. Shakibaei M, de Souza P. Differentiation of mesenchy-
mal limb bud cells to chondrocytes in alginate beads.
Cell Biol Int 1997;21:75–86.
33. Scott JE, Dorling J. Differential staining of acid gly-
cosaminoglycans (mucopolysaccharides) by alcian
blue in salt solutions. Histochemie 1965;5:221–33.
34. Davis RJ. The mitogen-activated protein kinase signal
transduction pathway. J Biol Chem 1993;268:
14553–6.
35. Erickson GR, Gimble JM, Franklin DM, Rice HE, Awad
H, Guilak F. Chondrogenic potential of adipose
tissue-derived stromal cells in vitro and in vivo. Bio-
chem Biophys Res Com 2002;290:763–9.
36. Dessau W, Von der Mark H, von der Mark K, Fischer S.
Changes in the patterns of collagens and fibronectin
during limb-bud chondrogenesis. J Embryol Exp
Morphol 1980;57:51–60.
37. Urist MR. The origin of cartilage: Investigations in
quest of chondrogenic DNA Cartilage: Development,
differentiation and growth. New York and London:
Academic Press and B. K. Hall 1983;II.
38. Loeser RF. Integrin-mediated attachment of articular
chondrocytes to extracellular matrix proteins. Arthritis
Rheum 1993;36:1103–10.
39. Shakibaei M, Zimmermann B, Merker H-J. Changes in
integrin expression during chondrogenesis in vitro:
an immunomorphological study. J Histochem
Cytochem 1995;43:1061–9.
40. Du¨rr J, Goodman S, Potocnik A, von der Mark H, von
der Mark K. Localization of 1-integrins in human
cartilage and their role in chondrocyte adhesion to
collagen and fibronectin. Exp Cell Res 1993;207:
235–44.
41. Shakibaei M. Inhibition of chondrogenesis by integrin
antibody in vitro. Exp Cell Res 1998;240:95–106.
42. Shakibaei M. Integrin expression on epiphyseal mouse
chondrocytes in monolayer culture. Histol. Histo-
pathol. 1995;10:339–349.
43. LaFlamme SE, Akiyama SK, Yamada KM. Regulation
of fibronectin receptor distribution. J Cell Biol 1992;
117:437–47.
44. Huhtala P, Humphries MJ, McCarthy JB, Tremble PM,
Werb Z, Damsky CH. Cooperative signalling by 51
and 41 integrins regulates metalloproteinase gene
expression in fibroblasts adhering to fibronectin. J
Cell Biol 1995;129:867–79.
45. Shakibaei M, Schulze-Tanzil G, de Souza P, John T,
Rahmanzadeh M, Rahmanzadeh R, et al. Inhibition
of mitogen activated protein kinase kinase induces
apoptosis of human chondrocytes. J Biol Chem 2001;
276:13289–94.
46. Barberis L, Wary KK, Fiucci G, Liu F, Hirsh E,
Brancaccio M, et al. Distinct roles of the adaptor
protein Shc and focal adhesion kinase in integrin
signalling to Erk. J Biol Chem 2000;275:36532–40.
47. Kortenjann M, Shaw PE. The growing family of MAP
kinases: regulation and specificity. Crit Rev Oncog
1995;6:99–115.
48. Murakami S, Kan M, McKeehan WL, deCrombrugghe
B. Up-regulation of the chondrogenic Sox9 gene
by fibroblast growth factors is mediated by the
mitogen-activated protein kinase pathway. Proc Natl
Acad Sci USA 2000;97:1113–8.
49. Yang C, Li S-W, Helminen HJ, Khillan JS, Bao Y,
Prockop DJ. Apoptosis of chondrocytes in transgenic
mice lacking collagen II. Exp Cell Res 1997;235:
370–3.
458 G. Schulze-Tanzil et al.: Maintenance of chondrogenic potential during proliferation
